As microbiological parameters are important in monitoring the correct operation of wastewater treatment plants and controlling the microbiological quality of wastewater, the abundances of total bacteria (including intact and damaged bacterial cells) and total viruses in wastewater were investigated using a combination of ultrasonication and flow cytometry. The comparisons between flow cytometry (FCM) and other cultivation-independent methods (adenosine tri-phosphate (ATP) analysis for bacteria enumeration and epifluorescence microscopy (EFM) for virus enumeration) gave very similar patterns of microbial abundance changes, suggesting that FCM is suitable for targeting and obtaining reliable counts for bacteria and viruses in wastewater samples. The main experimental results obtained were: (1) effective removal of total bacteria in wastewater, with a decrease from an average concentration of 1.74 × 10 8 counts ml À1 in raw wastewater to 3.91 × 10 6 counts ml À1 in the effluent, (2) compared to influent raw wastewater, the average concentration of total viruses in the treated effluent (3.94 × 10 8 counts ml À1 ) exhibited no obvious changes, (3) the applied FCM approach is a rapid, easy, and convenient tool for understanding the microbial dynamics and monitoring microbiological quality in wastewater treatment processes.
INTRODUCTION
Municipal wastewater contains a variety of microorganisms and could possibly include waterborne pathogens, which pose a latent threat to human health and environmental safety (Crockett ) . However, most wastewater treatment plants (WWTP) have been designed with particular focus on physicochemical parameters, while microbiological data in treated wastewater has often been neglected in routine analysis (Muela et al. ) . Since large amounts of wastewater effluent are passed through sewage treatment systems on a daily basis, there is an important need to understand the variation and removal of microorganisms in wastewater treatment processes.
Fecal indicator organisms (FIO) have been extensively used to evaluate wastewater quality. Traditionally, FIO are determined by cultivation-dependent methods, which are labor intensive and cannot immediately provide results, and consequently they are unsuitable for time-critical applications such as wastewater monitoring (Muela et al. ) . In addition to the bacteria, no regulations have been implemented with regard to the monitoring of wastewater viral concentration before being discharged into a natural water body (Simmons & Xagoraraki ) . Only a few studies on the effectiveness of water and wastewater treatment processes against waterborne viruses have been carried out. It was found that bank filtration and chemical coagulation together removed a total of 85-92% of viruslike particles in a drinking water plant (M. Rinta-Kanto et al. ). Francy et al. () reported median log removals for bacterial indicators, coliphage, and enteric viruses were higher for membrane bioreactor secondary treatment than for conventional secondary treatment. A significant reason for the absence of bacterial and viral reference values is the lack of easy, rapid, and sensitive microbiological methods. As a cultivation-independent method, flow cytometry (FCM) has tremendous potential as an alternative tool for the analysis of bacteria and even viruses in wastewater samples. The speed of FCM measurements enables this valuable method to provide a rapid response in the case of abnormal results. FCM together with fluorescence staining of microbial cells has been successfully applied for the analysis of total cell concentrations in water samples from a drinking water pilot plant (Hammes et al. ) . In the case of wastewater samples, due to their complex matrix properties and the highly aggregated structure of activated sludge, water samples need to be disaggregated before staining (Foladori et al. ) . Although FCM has been applied to the enumeration of viruses on many occasions (Li & Dickie ; Personnic et al. ) , to the best of our knowledge, nobody has applied this method to investigate the removal of viruses in wastewater treatment systems.
The aim of this paper is to apply a procedure based on FCM for the rapid and direct quantification of damaged, intact and total (the sum of damaged and intact bacteria) bacteria concentrations and total virus concentrations in raw wastewater, primary and secondary settled wastewater, activated sludge and effluent. We monitored the total bacteria and virus count at various stages of the wastewater treatment process in a typical municipal wastewater plant in northern China, which utilizes a conventional water treatment process involving primary settler, activated sludge, and secondary settler, followed by chlorine disinfection.
MATERIALS AND METHODS

Sample collection
Water samples of raw wastewater, primary and secondary settled wastewater, activated sludge and effluent were collected from a municipal wastewater treatment plant (WWTP) in northern China. Samples were collected and processed in the laboratory within 2 h of collection. Influent and activated sludge were diluted 1:20 v/v and settled wastewater and effluent were diluted 1:2 v/v using Phosphate-Buffered-Saline (PBS, 3 g K 2 HPO 4 , 1 g KH 2 PO 4 and 8.5 g NaCl l À1 ; pH ¼ 7.2) before pretreatment by ultrasonication, in order to maintain a neutral pH and lower the microbial abundance, which is optimal for sample staining.
Ultrasonication
Ultrasonication was performed with a Scientz-IID Ultrasonifier operating at 20-25 kHz. The device is equipped with a horn tip and a temperature probe. The tip (diameter 6 mm), was placed in the centre of the 150 ml conical flask, containing 100 ml samples. The transferred power (P), time (t), treated volume (V) were used to calculate the transferred specific energy as reference parameter, indicated afterward as E s (E s (KJ=L) ¼ Pt=V ¼ (dT =dt)CpM=V) and expressed in kJ l À1 . Transferred power instead of applied power has to be used for E s calculation, and the method based on calorimetry was used to measure the actual power input (Mason et al. ) .
Fluorescence staining and flow cytometry
Working solutions of the dyes were prepared as follows: SYBR Green I (SGI, concentrated 10,000 times in dimethyl sulfoxide (DMSO), Invitrogen) was diluted 100 times in 0.20-μm filtered DMSO. Propidium Iodide (PI, 20 mmol/L in DMSO, Invitrogen) was mixed with SGI (concentrated 100 times in DMSO) at a ratio of 1:50 (v/v) for use as a mixture dyes of SGI/PI. Prior to FCM analysis, the various suspensions were filtered with 30-μm filters to remove any large particles and separate aggregated coarse flocs that might clog the flow cytometer. Samples for virus detection were further filtered with 0.22-μm pore size sterile syringe filters (PES, Millipore, U.S.). For viral enumeration, samples (1 ml) were stained with 5 μl ml À1 SGI at 80 W C for 10 min in the dark with the addition of 10 μl ml À1 EDTA (pH 8, 500 mmol/L). For bacterial enumeration, samples (1 ml) were stained with 10 μL mL À1 SGI/PI staining solution and incubated for 25 min in the dark at room temperature. Prior to flow cytometric analysis, water samples were diluted with Milli-Q water. FCM was performed using a Partec CyFlow Space flow cytometer (Partec GmbH, Münster, Germany) equipped with a 50 mW solid-state laser, emitting at a fixed wavelength of 488 nm. In the flow cytometer, optical filters were set up so that SGI was measured at 520 ± 20 nm and PI was measured above 615 nm. The specific instrumental gain settings for these measurements were as follows: for virus detection, FL1 480, SSC 545, speed 3 and for bacteria detection, FL1 350, SSC 350, speed 3. All samples were collected as logarithmic signals and were triggered on the green fluorescence. For bacteria, the data were acquired on two-parameter dot plots of green fluorescence (520 ± 20 nm, FL1) versus red fluorescence (>615 nm, FL3) for bacteria. The limit of quantification is 1,000 cells/mL and the instrumental error is below 5% (Hammes et al. ) . For viruses, the data were acquired on green fluorescence (520 ± 20 nm) versus sideward scatter (SSC). The detection limit of the method is 4.04 × 10 4 counts mL À1 and R 2 of the trend line is 0.99 (data not shown). The output data were analysed with the Flomax software (Partec, Germany).
Adenosine tri-phosphate (ATP) and epifluorescence microscopy (EFM) ATP analysis was carried out according to the method described by Hammes et al. () , and the EFM was performed using the protocol reported by Ortmann & Suttle () .
RESULTS AND DISCUSSION
Pre-treatment of wastewater and activated sludge by ultrasonication Activated sludge flocs have a great variety of shapes, porosity and irregular boundaries. Their size ranges from a few micrometres to hundreds of micrometres (Foladori et al. ) . In order to obtain a suspension of mostly free single cells suitable for FCM analysis, pre-treatment is required to disaggregate activated sludge flocs. Samples from activated sludge and settled water, as representative of samples with higher flocs and lower floc levels respectively, were ultrasonicated by different energy (E s ) and followed by FCM detection to find the optimal E s . Figure 1 indicates the concentration of total bacteria (sum of damaged and intact bacteria) and total viruses after ultrasonication. By increasing the E s of ultrasonication, a progressive increase in the concentration of total bacteria and total viruses in settled water was observed until a plateau was reached, corresponding to E s around 160 kJ l À1 for bacteria, and 40 kJ l À1 for viruses. In the activated sludge sample, the number of total bacteria and total viruses also increased during enhanced treatment energy, reaching a maximum value at E s around 240 and 100 kJ l À1 , respectively. The optimal energy required to disperse viruses was lower than the energy needed to obtain the highest number of bacteria, which could be due to the smaller particle size of viruses. The ultrasonication energy required to obtain free viruses in wastewater has not been recorded in other studies to date, most likely due to the application of FCM to virus detection being relatively new compared to the application of FCM in bacteria enumeration.
For ultrasonic treatment, it is important to make sure that the power is actually delivered to the sample (Epstein & Rossel ) . The power acting on the sample should be sufficiently high to achieve release of bacteria and virus from their matrix, but should not exceed the level leading to notable bacterial viability loss (Buesing & Gessner ) . In order to investigate eventual losses in bacterial viability after ultrasonication, the percentage of damaged bacteria was evaluated. It was observed that the percentage of damaged bacteria did not change dramatically with increasing E s during ultrasonication. The values of this ratio were relatively constant in the activated sludge and settled water samples, within the average of 16% ± 2% (ranges 13% À 21%) and 12% ± 2% (ranges 6% À 16%), respectively (Figure 1(c) ), which states the highest number of intact bacteria recovered by ultrasonication without notable cell destruction. Therefore, in our investigation we selected the following conditions for an optimized ultrasonication treatment of bacteria: E s around 240 kJ l À1 for activated sludge, and E s around 160 kJ l À1 for raw, settled wastewater and effluent. Because PI only enters cells with a permeabilized membrane and binds to DNA, it cannot be used to separate virus particles consisting of nucleic acid surrounded by a protective coat of protein. No information on infectivity can be provided by FCM, so we only use the higher number of total viral counts to evaluate the ultrasonication energy. The optimal conditions of viral detection were E s around 100 kJ l À1 for activated sludge, and E s around 40 kJ l À1 for raw, settled wastewater and effluent. The dispersion effect at different E s was also evaluated by EFM (Appendix, Figure A1 , available online at http://www.iwaponline.com/ wst/068/426.pdf), and the results are consistent with the results obtained using flow cytometry.
Flow cytometry on wastewater bacteria and viruses
The application of PI and SGI stains results in a clear discrimination between intact and damaged bacterial cells on the basis of their membrane integrity (Berney et al. ) . Red fluorescence intensity was increased due to the entry of PI and resulting 'quenching' of SGI, so the two clusters of damaged and intact bacteria were separated by fluorescence (Figure 2(a) ). Depending on the intensity of the green and red fluorescence, the following populations were distinguished on two-parameter dot plots: intact bacteria, damaged bacteria.
For viral detection (Figure 2(c) ), SGI was used to stain nucleic acid due to its strong affinity for dsDNA and its ability to also stain ssDNA and RNA. In order to prevent overrating viral counts by bacteria and their lysate, pretreated samples for virus detection were filtered with 0.22 μm pore size membrane filters. Due to the small size of the virus particles, it is important to ensure that the FCM is extremely clean, and with low background noise before measurements. Autoclaved 0.1-μm pore-size pre-filtered natural wastewater samples were tested according to the protocol described herein and used as a negative control (Figure 2(d) ). The good separation of viruses from the background demonstrated that the fluorescent staining in combination with the high sensitivity of the flow cytometer allowed viruses to be distinguished from other organic matter and debris.
Compared to other detection methods used in aquatic samples, FCM stands out for its accuracy and speed (Wang et al. ) . It only takes about 45 min from the pre-treatment of wastewater samples to obtain microbiological data.
Quantification of intact and damaged bacteria, total bacteria and total viruses in influent, settled water, activated sludge and effluent
The abundances of total bacteria and total virus in influent, effluent and different treatment steps are shown in Figure 3 , ranging from 3.91 × 10 6 to 2.35 × 10 9 counts ml À1 and 3.7 × 10 8 counts ml to 7.3 × 10 9 counts ml À1 , respectively. In order to determine the effects of different treatment processes on bacterial viability, the live/damaged bacterial ratio was described herein. With regard to viable and dead bacteria, the percentage of damaged bacteria (42%) was highest in raw wastewater, probably as a consequence of the septic conditions that developed in the sewer (Foladori et al. ) . The percentage of damaged bacteria in settled water (26% in primary settled water and 13% in secondary settled water) and activated sludge (14%) were relatively low when compared to influent and treated effluent. This pattern was consistent with a previous study (Foladori et al. ) , which showed that the percentage of damaged bacteria in raw wastewater is higher than the damaged bacteria ratio in activated sludge. The increased percentage of damaged bacteria in treated effluent can be explained by the effects of chlorine disinfection, which could damage the microbial cell membrane and also degrade cytoplasmic proteins (Kiura et al. ; Nakajima et al. ) .
The concentration of total bacteria in influent was 1.74 × 10 8 counts ml À1 (Figure 3(a) ), which was 10-100 times higher than in ordinary surface water (Glockner et al. ) . Because most bacteria are free in suspension and therefore do not settle in the primary settler, only a small fraction (29.9%) of total bacteria was removed from primary settled wastewater. Due to the high amount of bacteria in activated sludge, the concentration of total bacteria in activated sludge samples was expected to be higher (2.24 × 10 9 counts ml À1 ) (Figure 3(a) ) than that in other treatment processes. Similar results were observed by Foladori et al. () , who reported that the concentration of bacteria (results form FCM) in activated sludge samples is higher than that in settled wastewater and effluents. In secondary settled water, the concentration of total bacteria decreased from 2.24 × 10 9 counts ml À1 in activated sludge samples to 3.87 × 10 8 counts ml À1 in settled wastewater (Figure 3(a) ), probably as a consequence of the precipitation of microbial flocculation in the secondary settled water. As a result of the chlorination, the bacterial concentration in the effluent dropped by two orders of magnitude (3.91 × 10 6 counts ml À1 ), which was in agreement with the bacterial concentrations in natural water (Figure 3(a) ).
The concentration of total viruses was 4.20 × 10 8 counts ml À1 in the primary settled water, which was slightly higher than the viral counts in influent (3.72 × 10 8 counts ml À1 ) (Figure 3(b) ). From Figure 3(b) , it is evident that the viral abundance was first dramatically increased to 7.33 × 10 9 counts ml À1 in activated sludge, and then reduced to 3.74 × 10 8 counts ml À1 in the secondary settled water. This variation pattern is similar to the bacterial abundance changes in activated sludge and secondary settled water, which indicated that the increased viral counts in activated sludge relied on the increased concentration of bacteria, and the increased portion of viruses in activated sludge likely consisted of bacteriophages. The viral counts were maintained at 3.94 × 10 8 counts ml À1 in effluent and no obvious removal of viruses was found during chlorine disinfection (Figure 3(b) ). Some previous studies on chlorination have suggested that certain viruses were resistant to free chlorine disinfection, such as hepatitis A virus (Sobsey et al. ) and feline calicivirus (Thurston-Enriquez et al. ), so it is reasonable that viruses were found not well removed in this study.
Comparison of FCM versus ATP or EFM
Often described as the 'energy currency' of biological cells, ATP has been regarded as an indicator of intact biomass quantification for several decades (Karl ) . It has been reported that cell-bound ATP concentrations relate well to the concentrations of intact microbial cells (Hammes et al. ) . In the present study, the cell-bound ATP of different wastewater treatments was measured and then compared with FCM results. As shown in Figure 3(a) , the FCM counts of intact bacteria and total bacteria both showed a very similar pattern to that of measured cell-bound ATP concentrations, thus confirming the validity of flow cytometric data.
Comparisons of viral counts between FCM and EFM were also performed on wastewater samples. The two techniques gave very similar trends during the experiment (Figure 3(b) ), suggesting that FCM is suitable for targeting and obtaining reliable counts for viruses in wastewater samples. The comparison of the data obtained by the two methods is in accordance with previous reports (Duhamel & Jacquet ) and shows that FCM always gave apparently greater viral abundances than EFM (Figure 3(b) ). In contrast to EFM, FCM is more sensitive and allows highspeed enumeration of viruses, and thus may represent a better alternative than EFM.
CONCLUSIONS
The data obtained in this study suggests that the combination of ultrasonication and FCM provides an efficient and fast method for investigating the variation of bacteria and virus abundance in WWTP. Approaches such as FCM used in this study allow for a direct and overall assessment of microbiological parameters (bacteria and virus). This is essential to monitor the correct WWTP operation and control the wastewater microbiological quality, and will also have applications for public health. Monitoring the FCM counts of bacteria and viruses could serve as an indicator for the efficiency of the wastewater purification process in the removal of bacteria and viruses. Further investigation with more wastewater samples from different wastewater treatment plants, combined with various treatment techniques, will help identify the efficiency of microbiological treatment, as well as for the design and optimization of specific treatment steps to ensure human health and environmental safety.
